Discovering how corals can adjust their thermal sensitivity in the context of global climate change is important in understanding the long-term persistence of coral reefs. In this study, we showed that short-term preconditioning to higher temperatures, 38C below the experimentally determined bleaching threshold, for a period of 10 days provides thermal tolerance for the symbiosis stability between the scleractinian coral, Acropora millepora and Symbiodinium. Based on genotypic analysis, our results indicate that the acclimatization of this coral species to thermal stress does not come down to simple changes in Symbiodinium and/or the bacterial communities that associate with reef-building corals. This suggests that the physiological plasticity of the host and/or symbiotic components appears to play an important role in responding to ocean warming. The further study of host and symbiont physiology, both of Symbiodinium and prokaryotes, is of paramount importance in the context of global climate change, as mechanisms for rapid holobiont acclimatization will become increasingly important to the long-standing persistence of coral reefs.
INTRODUCTION
Coral reefs are among the most biologically diverse and economically important ecosystems on the planet, providing ecological services that are vital to human society and industries through fisheries, coastal protection, pharmaceutical compounds and tourism [1] . The high productivity and structural complexity of coral reefs is derived and powered by the mutualistic association between corals and their symbiotic single-celled dinoflagellate algae (Symbiodinium Freudenthal [2] ). Coral reefs worldwide, however, are among the most vulnerable ecosystems to global environmental change [3, 4] . Both field and laboratory evidence reveal that corals are highly sensitive to thermal stress, with þ18C above long-term summer maxima driving mass coral bleaching (i.e. the loss of symbiotic dinoflagellates and/or their photosynthetic pigments) and consequently coral mortality [3, 5, 6] . If the thermal sensitivity of corals does not change, coral reefs face serious problems in scenarios where tropical seas may be as much as 28C-48C warmer by the end of this century [5] . The capacity of corals for acclimatization to heat stress is a critical component of their long-term survival. Understanding the thermal tolerance of corals and their dinoflagellate and prokaryotic symbionts, which altogether represent the holobiont [7] , is therefore important to any predictions of how the future may unfold for coral reefs.
At fine scales, thermal history, both in the long-and short-term, has been shown to be a determinant in the response of corals to hyperthermal stress and bleaching [8] [9] [10] . By comparing the widespread thermal bleaching events that occurred on the Great Barrier Reef (GBR) in the Coral Sea in 1998 and 2002, Maynard et al. [8] detected a lower incidence of bleaching for three major coral genera (Acropora, Pocillopora and Porites) in 2002 when compared with 1998 on the same reefs, despite the higher solar irradiance observed during the 2002 thermal event. Since colony mortality was not high enough during the bleaching episode in 1998 for selection to explain the increased thermal tolerance observed during the 2002 thermal event, acclimatization was suggested as the potential cause of bleaching resistance [8] . Potentially, a long-term acclimatization response could have a basis in epigenetics, conferring a transcriptional response conducive to bleaching resistance. Though the role of epigenetics in coral stress response is currently unknown, there is evidence for the regulation of stress responses of plants via epigenetic mechanisms [11] , and even transmission of epigenetic effects to subsequent generations [12] . Other evidence for the natural acclimatization of corals to thermal stress comes from studies conducted in the surroundings of the nuclear power plant near Nanwan Bay, Taiwan [13] . In 1988, the year the power plant began full operation, Acropora grandis samples taken near the hot water outlet of the nuclear power plant were completely bleached within 2 days of exposure to 338C. Two years later, however, corals from the same area required 6 days of exposure to 338C water for the onset of signs of bleaching. The protective effect of thermal preconditioning has also been shown experimentally, in the reef coral Acropora aspera, where corals exposed to brief heat stress insufficient to cause bleaching later resisted bleaching temperatures, maintaining symbiont densities, photopigments and quantum yield [9] .
Attempts to understand the differences in the response of reef-building corals to warming oceans has focused almost entirely on genetic variation within the dinoflagellate symbiont, Symbiodinium [14 -16] . There are two proposed mechanisms by which the composition of the Symbiodinium population hosted by a coral can potentially change: switching, in which existing symbionts are expulsed and novel symbionts are acquired from the environment, or shuffling (also referred as to shifting), in which existing types already in hospite change in relative abundance [17] . Shuffling from less tolerant to heatresistant algal symbionts has been proposed as a means of adjusting to accelerating increases in sea water temperature [14 -16,18] . However, the higher proportions of hosts harbouring heat-resistant algal symbionts after bleaching [15] could also be a result of differential survival of hosts containing the stress-resistant symbiont as opposed to changes of symbionts [19] . Sampayo et al. [20] monitored tagged colonies of Stylophora pistillata with sampling times spanning a bleaching event. Their results support differential mortality of corals hosting heat-sensitive symbionts as an explanation of an increase in the frequency of thermal-tolerant symbionts postbleaching, not the beneficial shuffling of dinoflagellate symbionts [20] . Other work shows that bleached Porites divaricata challenged with heterologous Symbiodinium may transiently acquire symbionts from the water, but these novel symbioses are not maintained [21] . By contrast, the work of Jones et al. [22] supports acclimative shifts in Symbiodinium, finding that in tagged Acropora millepora colonies examined prior to and following a bleaching event, 71 per cent of surviving colonies which initially harboured a majority of heat-sensitive symbionts shifted to predominantly heat-tolerant symbionts after bleaching. Clearly, a general model for the role of symbiont shuffling and/or switching has yet to be established.
Another possibility is an advantageous change in the coral-associated bacterial community, resulting in the rapid generation of a more heat-resistant holobiont. This is based on the coral probiotic hypothesis [23] , which states that corals form a symbiotic relationship with a diverse, metabolically active microbial population living on their surface and in their tissues [7, [24] [25] [26] [27] , such that when environmental conditions are altered, the microbial biota undergo changes that aid the coral holobiont fitness [23] . However, unambiguous switching to entirely novel symbioses as a beneficial response to thermal stress has yet to be demonstrated. It is still unknown if the thermal tolerance observed in rapid acclimatization responses is also associated with a shift to heat-resistant symbionts in coral holobionts.
In this study, we asked whether short-term preconditioning of corals to thermal stress changed their dinoflagellate and bacterial communities to new configurations, thereby resulting in greater thermal tolerance for the host and symbionts.
MATERIAL AND METHODS
(a) Sample collection and care Acropora millepora nubbins were collected from colonies on the reef flat in the vicinity of Heron Island (GBR), Queensland, Australia (23833 0 S, 151854 0 E) in June 2009.
Branches 6 -8 cm long were cut and embedded in marine epoxy in cut-off 15 ml centrifuge tubes; a total of 72 coral fragments were allowed to recover for 20 days prior to the beginning of experimental manipulations.
(b) Thermal stress experiments We tested the response of A. millepora to thermal preconditioning by exposing coral nubbins to 288C (38C below bleaching threshold) for 10 days, prior to challenging them with water temperatures of 318C for 8 days (figure 1). In another treatment (non-preconditioned), corals were exposed to 318C without prior exposure to the 288C treatment. These two treatments were compared with control coral fragments that were exposed only to ambient-temperature reef flat water (218C-228C).
The experimental system comprised 15 l transparent tanks plumbed into flowing sea water, with four replicate tanks for each treatment (a total of 12 tanks). All tanks were operated as open systems and received water from the adjacent reef flat at a rate of 0.3 -0.4 l min -1 , with additional flow provided by 250 l h -1 submersible pumps. Control treatments received ambient water with no temperature manipulation. The temperatures in the experimental tanks were increased at a rate of 28C per day, with temperature changes taking place at 06.30. The water temperature in tanks was recorded throughout the experiment using HOBO Pro v. 2 Water Temperature Data Loggers (Onset, Pocasset, MA, USA). There were six nubbins per tank at the outset of the experiment (a total of 72 nubbins). One coral nubbin was collected for each experimental and control replicate tank at the following sampling times: day 0 (18 days prior to thermal stress), day 13 (at which point the preconditioned treatment had been exposed to 288C preconditioning for 7 days), and days 19, 23 and 25 (in which treatment corals have been exposed to 318C thermal challenge for 2, 6 and 8 days, respectively). Sampling was carried out at 17.00 on each indicated day.
(c) Symbiodinium density and genetic identification
For the determination of Symbiodinium cell densities per surface area, cell counts were performed using a Hirschman Neubauer improved haemocytometer (Hirschmann Laborgeräte, Eberstadt, Germany), with coral area assessed by a wax Figure 1 . Temperature profiles of the thermal treatments with which Acropora millepora fragments were challenged. Preconditioned treatment comprised a 10 day pre-stress at 288C prior to exposure to 318C (orange line). Non-preconditioned treatment with no pre-stress period prior to exposure to 318C (red line), and control (green line) where coral fragments were not challenged to increase of temperature.
Temperature was brought to 318C at 28C per day.
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coating method [28] . DNA extractions were performed using DNeasy Plant Mini Kit (QIAGEN, Valencia, CA, USA) from tissue collected 18 days prior to the start of thermal stress, as well as after 8 days of thermal challenge. Symbiodinium 28S rDNA was amplified and directly sequenced using primers 28S-forward(5 0 CCCGCTGAATTTAAGCATATAAGTAAG CGG-3 0 ) and 28S-reverse (5 0 GTTAGACTCCTTGGTC CGTGTTTCAAGA-3 0 ) [29] . PCR was performed in 25 ml reaction volumes, using 10 ng of DNA template, 10 ml GoTaq Green Master Mix (Promega, Madison, WI, USA), and 0.25 mM 28S-forward and 0.25 mM 28S-reverse primers. Thermocycling conditions consisted of a 5 min initial denaturation at 958C, followed by 35 cycles of 948C (30 s), 658C (40 s) and 728C (60 s), and a 10 min final extension at 728C. PCR products were directly sequenced by the DNA Analysis Facility at Yale University (New Haven, CT, USA), using 28S-forward and 28S-reverse primers. Sequences were inspected and assembled using CODONCODE ALIGNER v. 3.5.7 (CodonCode Corporation, Dedham, MA, USA). Sequences were identified by BLAST comparisons in NCBI GenBank.
The internal transcribed spacer region 2 (ITS2) rDNA was PCR-amplified using primers ITSintfor2 and ITS2CL AMP (5 0 GAATTGCAGAACTCCGTG-3 0 and 5 0 CGCCC GCCGCGCCCCGCGCCCGTCCCGCCGCCCCCGCC CGGGATCCATATGCTTAAGTTCAGCGGGT-3 0 ) [30] , in 20 ml reactions consisting of 10 ng of DNA template, 10 ml GoTaq Green Master Mix (Promega) adjusted to 3.0 mM MgCl 2 , 0.25 mM ITSintfor2, and 0.75 mM ITS2CLAMP. The touch-down PCR programme consisted of a 3 min initial denaturation at 928C, 21 cycles of 928C (30 s), 628C (40 s) and 728C (30 s), decreasing by 0.58C each cycle, followed by 15 cycles with a 528C annealing step, and a 10 min final extension at 728C. Denaturing gradient gel electrophoresis (DGGE) was used to separate PCR products on a 45-80% gradient (8% acrylimide) [30] . Gels were run for 14 h at 100 V at a constant temperature of 608C [30] .
Excised bands were incubated for 24 h with shaking at room temperature in 30 ml nuclease-free water. The liquid portion of this mixture was recovered, ethanol-precipiated, washed with 70 per cent ethanol, and resuspended in 30 ml nuclease-free water. One microlitre of each band isolate solution was subsequently re-amplified for direct sequencing in a 20 ml reaction using 0.25 mM ITSintfor2 [30] and ITSRev (5 0 GGATCCATATGCTTAAGTTCAGCGGGT-3 0 ) [31] , 10 ml GoTaq Green Master Mix (Promega) adjusted to 3.0 mM MgCl 2 , with a PCR programme consisting of a 3 min initial denaturation at 928C, 35 cycles of 928C (30 s), 528C (40 s), 728C (30 s) and a 10 min final extension at 728C. Reamplification products were directly sequenced by the DNA Analysis Facility at Yale University (New Haven) using primer ITSintfor2 [30] . Sequences were examined using CODONCODE ALIGNER v. 3.5.7 (CodonCode Corporation) and identified by BLAST comparisons in GenBank.
(d) Bacterial community composition The bacterial community was profiled using RNA to assess the active microbial assemblage; in a short-course experiment, a DNA profile may have provided results not reflective of the actual active bacteria at a given time. RNA was extracted from snap frozen coral fragments sampled after 6 days at 318C. RNA isolations were performed using Trizol reagent (Invitrogen), followed by RNeasy Mini Kit (QIAGEN). Total RNA (100 ng) was reverse-transcribed using a QuantiTect Reverse Transcription Kit (QIAGEN), with 1 mM of modified primer 907R (CCTACGGGDG GCWGCAG) [32] . Subsequently, PCR was performed on cDNA samples using modified primers 341F-Clamp [33] (CGCCCGCCGCGCCCCGCGCCCGTCCCGCCGCC CCCGCCCGCCTACGGGDGGCWGCAG) and 907R to amplify the 16S rRNA [32] . PCR was performed in 50 ml reaction volumes, using GoTaq Green Master Mix (Promega) adjusted to 2.5 mM MgCl 2 , 0.25 mM 907R and 0.75 mM 341F-Clamp. The PCR programme consisted of a 5 min initial denaturation at 958C, followed by 35 cycles of 958C (30 s), 518C (60 s) and 728C (60 s), and a 7 min final extension. PCR products were run on DGGE using a 6% acrylimide denaturing gradient gel (30-65% gradient) for 14 h at 97 V at a constant temperature of 608C.
Excised bands (processed as previously described) were subsequently re-amplified for direct sequencing in a 25 ml reaction using GoTaq Green Master Mix (Promega), 0.25 mM 907R and 0.25 mM 341F. The PCR programme consisted of a 5 min initial denaturation at 958C, followed by 35 cycles of 958C (30 s), 518C (60 s) and 728C (60 s), and a 7 min final extension. PCR products were directly sequenced by the DNA Analysis Facility at Yale University (New Haven) using the 907R primer. Sequences were examined using CODONCODE ALIGNER v. 3.5.7 (CodonCode Corporation) and identified by BLAST comparisons in GenBank, and using the chimera-checked Greengenes database [34] .
(e) Statistical analysis and multivariate analysis Symbiodinium density data were analysed with one-way ANOVA with Tukey HSD, performed using the package SYSTAT 13 (SYSTAT Inc, Evanston, IL, USA). DGGE gel images of the bacterial 16S rDNA were scored using GEL2k [35] . Gel band intensity was normalized and assigned to categories prior to multivariate analysis. Correspondence analysis (CA) of the categorical data was performed using the R package VEGAN [36, 37] .
RESULTS (a) Thermal response: Symbiodinium density and composition
Coral nubbins that were not exposed to the thermal preconditioning treatment suffered significant bleaching with exposure to 318C water, as observed after 6 and 8 days of thermal challenge at 318C (p , 0.001, one-way ANOVA with Tukey HSD; figure 2). Symbiodinium density decreased almost 80 per cent after 8 days of exposure to bleaching temperature. By contrast, preconditioned coral nubbins did not bleach with exposure to 318C, maintaining dinoflagellate symbiont densities consistent with those observed in control coral fragments during the 8 days of thermal challenge (p . 0.20, one-way ANOVA with Tukey HSD; figure 2).
To determine whether the response to thermal stress was associated with changes in the composition of Symbiodinium strains, we directly sequenced the 28S rDNA and conducted DGGE analysis on the ITS2 of the resident Symbiodinium in the coral nubbins. The composition of Symbiodinium strains prior to thermal treatments and after 8 days of thermal challenge was revealed to be the same across treatments and controls, with all corals maintaining an association with clade C3 Symbiodinium (electronic supplementary material, figure S1 ). With direct sequencing of 28S (GenBank accession number JF834208), no background sequences were detected.
(b) Thermal response by the bacterial community The DGGE analysis of PCR-amplified bacterial 16S rRNA fragments showed no differences in the composition of the bacterial community associated with preconditioned, non-preconditioned and control coral nubbins, with the exception of one control coral containing an additional band (electronic supplementary material, figure S2 ). Dominant banding patterns and bacterial types that were ubiquitous across treatments were sequenced, revealing that the majority of abundant sequences were Gammaproteobacteria of high identity (95 -96%) to Spongiobacter spp. sequences. However, differences occurred in the relative intensity of 16S rRNA-DGGE bands, which were used as a rough proxy of the relative abundance. Analysis of gel banding-intensity patterns using CA revealed an effect of temperature on both the non-preconditioned and preconditioned corals after 6 days at 318C, relative to controls (figure 3). Nevertheless, this temperature effect was similar on both non-preconditioned (bleached) and preconditioned (thermal acclimatized) corals.
DISCUSSION
The findings of this study revealed that the acquired tolerance of preconditioned Acropora millepora corals to thermal stress was not owing to changes in the make-up of their symbionts. There were no changes detected in Symbiodinium strains associated with the thermal tolerance response described in this experiment. Even more, no change in the dominant members of the bacterial community was detected, and the community structures, based on relative abundance of bacteria, were largely similar across bleached non-preconditioned corals and non-bleaching preconditioned corals. Therefore, our results indicate that the rapid acclimatization of A. millepora corals to thermal stress did not come down to simple changes in Symbiodinium and/or the bacterial communities that associate with reef-building corals.
Changes in symbiont type via shuffling would seem unlikely, as the corals hosted a single Symbiodinium type, but the point of emphasis remains that even with one detectable symbiont type, preconditioned corals still exhibit evidence of acclimatization. It bears mentioning that the DGGE implemented is capable of detecting broad changes in the symbiont community, but it is unable to detect Symbiodinium present at less than 5-10% of the community [38, 39] . In terms of switching, host-symbiont specificity would also seriously hinder the acquisition of novel symbiont types, both in terms of symbiont uptake and proliferation [40 -42] . But even with a lack of specificity, the complete replacement of dominant symbionts by another type (switching) would take in excess of one month, according to a Symbiodinium population model for corals proposed by Jones & Yellowlees [43] . This stands in contrast to the thermal acclimation which occurred in only 10 days in this experiment, as well as in the work of Middlebrook et al. [9] , with 48 h preconditioning regimes one and two weeks prior to thermal challenge. These timescales are incompatible with a symbiont type switch. In accordance with this, our molecular genotyping of Symbiodinium revealed the same single symbiont type both at the outset and at the end of the experiment. Likewise, it has been recently proposed that changes of the bacterial community in response to environmental stressors could also provide tolerance to changing environmental conditions much more rapidly than host evolution-this is referred to as to 'the Coral Probiotic hypothesis' [23] . In A. millepora, shifts in resident bacteria have been shown during bleaching, with a change in the community shifting from a healthy community of bacteria dominated by Spongiobacter spp. to one dominated by Vibrio spp. during bleaching [24, 44] . However, in the present experiment, a dramatic change in members of the bacterial community was not found in either preconditioned or non-preconditioned corals. While we indeed detected some changes in the apparent relative abundance of bacterial strains in response to an increase of temperature compared with controls, the changes were similar between preconditioned (acclimatized) and non-preconditioned (bleached) corals, indicating no correlation between a change of the bacterial community and the thermal tolerance response.
One possibility that could explain the lack of a bacterial partner shift in this experiment is that the corals already possessed a community of bacteria able to cope with the fluctuating temperatures as a result of prior stress on the reef, as back reef environments usually experience greater temperature extremes and fluctuations than forereef environments [45] . Intriguingly, the effects of thermal acclimation on the bacterium Escherichia coli defy a single model, with acclimation competitively beneficial in some cases, but not in others, as shown experimentally [46] . Another consideration is that a mass bleaching event is one of an entire community, presumably with bacterial fauna present from the entire heatstressed vicinity. However, in this experiment, the flowing sea water originated from a reef flat that was not experiencing hyperthermal stress, eliminating a potential source of bacteria that may colonize corals during natural bleaching events. This could explain why this experiment did not see a bacterial community flux as observed in other studies [24, 44] . Similar to our results, Salerno et al. [47] found no systematic changes in the microbial community composition of Porites compressa as a result of a 6 day treatment of 18C above ambient summer temperature.
Although symbionts are clearly of fundamental importance, the idea that the thermal tolerance of corals resides almost entirely within changes of symbiont types with different physiologies has been questioned [10, 48, 49] .
Our findings instead suggest that the physiological plasticity of one or more members of the coral holobiont plays, in a timely and beneficial way, an important role in the acclimatization response to a rapid change of temperature. This is, to our knowledge, the first study that shows clearly the capacity of corals to tolerate thermal stress through a mechanism based on genotype-independent phenotypic change.
In addition to the potential of Symbiodinium population shifts, the consideration of physiological acclimatization is important both in the host and the symbionts. Physiological acclimatization to heat stress has been previously documented in corals, and, alongside the role of the dinoflagellate symbiont, is held to be a significant part of the response to heat stress [50] . In Montastraea franksi, exposure to elevated temperatures results in the upregulation of HSP70 after 6 h, with a return to control levels after continued exposure for 12 h, and another increase in expression after 48 h of heat stress [51] . Additionally, Gates & Edmunds [51] suggest a relationship between corals with high protein turnover and an increased capacity for thermal acclimatization. This relationship is based on evidence from Mytilus edulis, in which mussels with higher rates of protein turnover have been shown to acclimatize faster than those with lower rates of protein turnover [52, 53] . As shown with transcriptome analysis via cDNA microarrays, the aposymbiotic larvae of A. millepora exhibit a marked response in gene expression when heat-stressed, including the rapid upregulation of three heat-shock proteins and a fluorescent protein [54] . Host physiology and the ability to induce stress response proteins has been suggested to play a role in resistance to heat stress in the case of Porites cylindrica, in addition to a heat-resistant symbiont [55] . Pocillopora damicornis of a host genotype originating from a non-upwelling area showed greater thermal tolerance experimentally than another genotype, originating from an upwelling region of lower thermal stress, suggesting the possible importance of the host in thermal tolerance or the effects of long-term acclimatization to thermal stress [56] .
Additionally, the prior experience of the host has been shown to be of great influence, even with differential exposure of stress within a colony. Brown et al. [57] found that the west faces of Goniastrea aspera colonies resisted bleaching during natural heat stress, whereas the east faces bleached. The west faces had been preconditioned via prior solar irradiance, conferring thermal tolerance without a change in dinoflagellate symbiont type [57] . Although the source of acclimatization was reported to be that of solar irradiance, a resultant increase in thermal tolerance is mechanistically possible as stress responses are often unspecific [58] . Environmental stressors often coincide, and a general response has the advantage that a single stimulus mounts a response to potentially multiple simultaneous environmental conditions [58] .
The contribution of the host to thermal tolerance is once again highlighted in a reciprocal transplant experiment with Porites lobata between genetically distinct populations of corals from back reef and forereef environments [49] . The host origin and associated genotype were the major determinants of ubiquitin-conjugated protein concentration, whereas Symbiodinium populating the corals were genetically indistinguishable [49] . Higher levels of ubiquitin-conjugated proteins were consistently found in colonies originating from the highly fluctuating back reef environment, both prior to and following transplantation, indicating a distinct physiological difference associated with colony genotype [49] . The differentiation in host populations between forereef and back reef sites calls into focus the potential for selection for physiological acclimatization to stress, given the disparate thermal regimens experienced by the two populations [49] . Thompson & Van Woesik [59] add additional credence to an argument for host selection in response to thermal stress, but in the larger context of differential mortality and selection in response to thermal stress, as sites with historically high variability in temperature and solar irradiance resisted heat stress. This stands at odds with the conclusions drawn by Maynard et al. [8] , finding that differential mortality did not explain thermal tolerance, but their sampling times may have not captured all post-bleaching mortality [59] .
Although a response of the cnidarian host to stress is one mechanism of acclimatization, there remain other possibilities, including that of physiological acclimatization of the dinoflagellate symbiont. In culture, Symbiodinium cells have been shown to decrease their cellular chlorophyll a in response to supersaturating irradiance [60] , a photoacclimation response common to many microalgae [61] . Warner et al. [45] found differences in photoacclimation between the symbionts of forereef and back reef coral species, with the Symbiodinium cells in the forereef Montastraea annularis less thermally tolerant than those in the back reef Siderastrea radians. While symbionts from both coral species induce non-photochemical quenching (NPQ) rapidly in response to elevated temperatures, the increase of NPQ is higher in the Symbiodinium of S. radians. Other work has identified NPQ as a mechanism by which Symbiodinium can dissipate excess light energy in response to thermal stress that causes a loss in the functionality of photosystem II reaction centres [62] . Still, there remain many questions about the mechanisms and roles of acclimatization in Symbiodinium.
Coral bleaching is a symptom of host-symbiont disequilibrium, and as such is potentially a consequence of multiple aetiologies, with perhaps multiple modes of acclimatization under different circumstances and timeframes. Understanding how corals can adjust their thermal sensitivity in the context of global climate change continues to be important in understanding the long-term persistence of coral reefs under global change.
